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ABSTRACT

Guaiacol, present in wood smoke, readily forms secondary organic aerosol (SOA), and, in the
aqueous phase, brown carbon (BrC) species. Here, BrC is produced in an illuminated chamber
containing guaiacol(g), HOOH(g) as an OH radical source, and either deliquesced salt particles or
guaiacol SOA at 50% relative humidity. BrC production slows without an OH source (HOOH),
likely due to low levels of radical generation by photosensitization, perhaps involving surface-
adsorbed guaiacol and dissolved oxygen. With or without HOOH, BrC mass absorption
coefficients at 365 nm generated by the guaiacol + OH reaction reach a maximum at ~6 h of
atmospheric OH exposure, after which photobleaching becomes dominant. In the presence of
soluble iron but no HOOH, more BrC is produced, likely due to insoluble polymer production
observed in previous studies. However, with both soluble iron and HOOH (enabling Fenton
chemistry), significantly less SOA and BrC are produced due to very high oxidation rates, and the
average SOA carbon oxidation state reaches 2, indicating carboxylate products like oxalate. These
results indicate that SOA and BrC formation by guaiacol photooxidation can take place over a
wider range of atmospheric conditions than previously thought, and that the effects of iron(Il)
depend on HOOH. Multiphase guaiacol photooxidation likely makes a significant contribution to

producing highly oxidized SOA material in smoke plumes.

Synopsis: Guaiacol reacts in aerosol particles and water droplets, contributing to increasing
brownness in fresh smoke plumes. Dissolved iron increases the amount of brown material formed,

unless HOOH is also present.



Introduction

Guaiacol and catechol are two of the most abundant phenolic species emitted during biomass
burning.! 2 Guaiacol (or o-methoxyphenol) accounts for almost 2% of the total gas and particulate
non-methane emissions from burning pine wood.? Although emitted almost entirely into the gas
phase,’ guaiacol forms secondary organic aerosol (SOA) efficiently during dry photooxidation,
with measured SOA yields as high as 54%," 3 and accounts for approximately 16% of total SOA
formation in a dry smoke plume.* It forms hydroxylated, ring-opened, and ring-fragmented acid,
anhydride, and lactone aerosol products with a high average O/C ratio of 0.9 and an average carbon
oxidation state (OSc) of +0.5.!

Guaiacol is also taken up into aqueous phase aerosol and cloud droplets in the atmosphere, where
its oxidation forms both SOA? and light-absorbing, oligomeric organic species known as brown
carbon (BrC).’> SOA formed in the aqueous phase (agSOA) can reach yields of nearly 100% in the
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presence of common photosensitizers that form triplet carbon (3C*) excited state species.
photooxidation experiments using OH radicals photolyzed from HOOH, slightly higher O/C ratios
of 0.85 to 1.23 can be reached in the bulk aqueous phase’ ® than in dry experiments,' even though
significantly more of the guaiacol precursor was used up in dry experiments with similar average
OSc levels. In addition, many dimers, trimers, and oligomer products are detected in aqueous-
phase guaiacol oxidation experiments.® ® These conjugated oligomers are the major BrC species
in low-NOx experiments. Direct photolysis of guaiacol and of structurally similar compounds like
vanillin in the absence of an OH source can also produce aqgSOA, although the products are not as
oxidized and are not formed as efficiently as when using HOOH as an OH source.” '° If guaiacol

SOA produced under dry conditions is dissolved in water and subsequently photolyzed, however,

no loss of average molecular mass was observed, along with little photobleaching.!! In the presence



of high levels of NOx, nitroguaiacol species are the major oxidation product'? '3 and contribute
strongly to BrC light absorption in the aqueous phase.'#

Several groups have explored dark reactions between Fe3" and guaiacol in the absence of oxidant
precursors. 317 Under acidic conditions, these reactions rapidly produce insoluble “poly-guaiacol”
and soluble oligomers that are strongly light absorbing!’ and have rather low oxidation states (OSc
= -0.30).'6 These dark reactions are slowed only slightly by diacids complexing iron.!” The
atmospheric significance of these dark reactions remains unclear, however, since soluble iron also
reacts in the dark with HOOH, generating OH radicals by the Fenton reaction. Under solar
irradiation, the photo-Fenton reaction between soluble iron and HOOH typically generates even
more oxidizing conditions than does oxidation by aqueous OH,'®but the reactivity of guaiacol with
soluble iron in the context of oxidative Fenton and photo-Fenton reactions has not been studied.

With just a few exceptions,'” nearly all published studies of agSOA formation by guaiacol and
its associated BrC formation and photobleaching have been performed in bulk aqueous solutions,
rather than in suspended aqueous aerosol particles or droplets. Because of this, little is known
about the importance of multiphase, liquid surface, and/or organic aerosol phase processes in the
aqueous oxidation of methoxyphenol species like guaiacol. Here, we report cloud chamber
measurements of guaiacol interacting with aqueous phase droplets under low-NOx conditions with
simulated sunlight, OH photooxidation, Fenton cycling, and photo-Fenton cycling. We find that
SOA and BrC formation by guaiacol photooxidation can occur in deliquesced seed particles but
also at moderate RH levels (50%), and that BrC photobleaching begins after the equivalent of 6h
of atmospheric OH exposure. Soluble iron(Il) generates additional BrC in the absence of HOOH,

but destroys SOA and BrC in the presence of HOOH due to rapid oxidation via Fenton chemistry.



Materials and Methods

CESAM (French acronym of Chamber for Experimental Multiphase Atmospheric Simulation)
is a 4.2 m® temperature-controlled cloud chamber whose pressure is kept slightly above ambient
with inlet flows of 20% high purity oxygen and 80% nitrogen from an LN2 tank, as described
earlier.?’ Na2SOs seed particles were generated from a 10 mM solution made with ultrapure water
(18 MQ+cm) using an atomizer (TSI 3076) and added to the chamber through a diffusion dryer.
In some experiments, soluble iron-containing seed particles were generated from a 10 mM Na2SO4
/0.31 mM FeSOs solution. The pH of both types of atomizer solutions was neutral (pH = 6 to 7).
Butanol-d9 (Eurlsotope, 25 ppb final gas conc.), used as an OH tracer, and guaiacol gas were
added to the chamber by flushing inlet nitrogen through a glass bulb containing measured amounts
of the given pure liquid. Three 6500 W Xe arc lamps shine into the chamber through 6 mm Pyrex
filters to simulate sunlight, achieving an intensity comparable to solar noon at mid-latitude in June
and leading to a NO2 photolysis frequency of JNoxcesam) = 7.3x1073 s”!. Gas-phase HOOH was
added continuously to the chamber after the given start time by flushing inlet oxygen through a
bubbler containing concentrated aqueous HOOH solution. Water vapor is added via pulses of
expansion-cooled steam from a stainless-steel boiler containing ultrapure water, after the first five
batches of steam are vented to minimize any gas-phase contaminants. Depending on the specific
experimental design, once the chamber is near water saturation, cloud events can be triggered by
controlled pumping that removes 10% of the pressure in the chamber over a 10-min period. This
pressure drop pushes the chamber at a controlled rate into supersaturation, forming a cloud whose
evolving size distribution is characterized by a droplet spectrometer (PALAS welas, 0.5 to 15 pm).
Conditions for each chamber experiment conducted in CESAM for this work are summarized in

Table 1.



Table 1. Summary of Conditions of Guaiacol Photolysis and Photooxidation Chamber

Experiments
) [Guai] .

Experiment Seeds RHmax(%) (ppb)* HOOH | Lights Comments
0 Na2SO4 >100 0 Yes Yes no guaiacol
1 None >100 15 +5 No Yes no seeds or HOOH

solid seeds, no

2 Na2S04 50 8 No Yes HOOH
3 Na2S04 >100 38 Yes Yes standard
4 Na2S04 >100 36 No Yes no HOOH
5 NaxSO4 50 43 Yes Yes solid seeds
6 NaxSO4+ FeSO4 >100 27 No Yes with Fe?*
7 Na2SO4+ FeSO4 >100 27 YesP No dark Fenton
8 Na2S0s4 + FeSO4 >100 25 Yes Yes photo-Fenton

Notes: a: equilibrium concentrations in humid chamber, quantified by PTR-MS after calibration
by long-path FTIR. b: gas phase HOOH concentration measured by long-path FTIR was 1.9 ppm
after 67 min of dark addition to dry chamber. All other experiments with HOOH involved addition

to a humidified chamber; under these conditions HOOH could not be quantified by FTIR.

Gases in the chamber were quantified by NO2 cavity (Teledyne T500U), NOx
chemiluminescence (Horiba APNA-370), SOz fluorescence (Horiba APSA-370), and ozone
absorption monitors (Horiba APOA-370); CO / COz infrared cavity sensors (ap2e ProCeas); PTR-
MS (KORE 1II); and long-path in situ Fourier transform infrared (FTIR) instruments (Bruker
Tensor 37, 184 m pathlength). Pseudo-first-order loss rate constants of butanol-d9 measured at
m/z = 66 by PTR-MS were divided by the known 2"%-order rate constant for the butanol-d9 + OH
radical reaction (k = 3.4 £0.3) x 10-'2 cm?® molec™! s'! at 295K)?! to calculate average OH radical

concentrations for each measurement period where butanol losses were observable. Each



measurement period was over an hour long, on average. Humidity was monitored by RH probes
(Vaisala HMP234). Dried aerosol size distributions were measured by scanning mobility particle
sizing (SMPS, TSI 3080 / 3772), while dried aerosol absorption was measured by a 7-wavelength
dual-spot aethalometer (Magee AE33). Both instruments sampled aerosol through a Nafion drying
tube. Aerosol chemistry was probed by a time-of-flight aerosol chemical speciation monitor (TOF
ACSM) (Aerodyne, 6-min averaging), where the reading for organics (Org) was used to quantify
SOA. Water-soluble aerosol components were sampled by a particle-into-liquid sampler (PILS,
Brechtel Manufacturing Inc.); the absorbance of dissolved aerosol components in the PILS outflow
was continuously monitored by a dual-beam waveguide UV-vis spectrometer (1 or 2 m pathlength,
200 — 800 nm, OceanOptics). To quantify BrC, PILS-waveguide absorption measured at 365 nm

was converted to mass absorption coefficients (MAC) in m? g! using the equation

Abs,
bC (Vsampled)

Voutput

MAC =

where 4bs. is the measured In-based absorption at a given wavelength, b is the optical path
length in m of the waveguide used, C is the organic aerosol (OA) concentration measured by
ACSM in g m, Viampiea is the flow rate of PILS sampling from the chamber (7500 mL min™"),
and Voupu is the PILS liquid outflow rate (0.33 to 0.50 mL min™!, measured 1-2x daily).
Atmospheric OH exposure times to reach maxima in SOA and BrC were calculated by
multiplying the experimental times to each maxima (in h) by the calculated OH level and

dividing by an atmospheric OH concentration of 1 x10° molec/cm?.

Results and Discussion



Experiments with sodium sulfate seeds. Table 2 summarizes key parameters obtained from the

experiments conducted in this study. Long-path FTIR measurements during Experiment 7
indicated that HOOH concentrations reached 1.9 ppm after ~1 h of addition to the dark, dry
chamber. HOOH could not be quantified by FTIR in other experiments due to water vapor
interference. Experiments 0-2 and 4 were control experiments missing one or more of the reactants
expected to be necessary for the aqueous-phase photooxidation of guaiacol: these experiments
were performed without guaiacol, without seed aerosol and an OH radical source, without an
aqueous phase and an OH source, and without an OH source, respectively. In Experiment 0
(Figure S1), conducted in the freshly-cleaned chamber before it had ever been exposed to guaiacol,
ACSM organic signals — which we use to quantify SOA formation — increased by 2 ug/m? once
RH exceeded 50%, and again by 2.8 pg/m? when chamber lights were turned on, indicating the
presence some background contamination capable of aqueous SOA production. This SOA
formation, totaling just under 5 ug/m?, was defined as the background level for these experiments
in the illuminated CESAM chamber. See section “SOA background level determination” and
Table S1 in the online supplemental information (SI) document for additional details.

In Experiment 1 (Figure S2), conducted with gas-phase guaiacol but without seed particles or
oxidant, new particles nucleated 12 min after chamber lights were turned on, as seen by the sudden
increase of 8 x10% cm™ in SMPS counts. Both SMPS mass and ACSM organic signals increased
by around 4 pg/m? during illumination in Experiment 1, comparable to the level of SOA formed
without guaiacol in Experiment 0, suggesting the same background OH and/or SOA source, rather
than guaiacol photolysis, was responsible. Guaiacol can be directly photolyzed by sub-actinic
radiation (wavelengths in the 270 - 300 nm range). While the three solar simulator 6500 W Xe

arc lamps filtered with 6 mm pyrex filters generate a small amount of light below 300 nm,?° the



above comparison to the experiment without guaiacol suggests that direct photolysis of gas-phase

guaiacol is not the major SOA source in this experiment. The maximum absorbance measured by

PILS / waveguide UV-vis absorption spectroscopy at 365 nm was 0.022, near the absorption

detection limit in Experiments 0-2 (performed with a I m waveguide) of 0.025. Other experiments

were performed with a 2 m waveguide and thus have absorption detection limits of 0.0125.

Table 2. Summary of Guaiacol Photolysis and Photooxidation Chamber Experiments

[OH]® | Integrated
Expt. | Fig. | Comments SO AbSma M?Cjﬁs /106 mol [OH] to ma;x OS¢ max®
(ng/m?) 365nm | (m*g')? m(3) c¢| MAC /10
cm molec cm™ h
0 S1 | no guaiacol | <359 | <0.025¢ n/a -- n/a 1.38
1| os2 “OHSE’;’S;{OF <5¢ [ <0025 | 43 n/a 0.95
2 | s3 SOHdHi)egd:I’ MO <5t | <0025 | nia 9.6 n/a 125
3 1, S4 standard 21 0.12 0.29 14 5.8 1.62
4 2,S5 | no HOOH 27 0.21 0.27 2.6 6.3 1.60
5 4,S6 | solid seeds 11.5 0.18 1.14 9.8 6.1 1.60
6 S7 with Fe?* 14 0.20 0.87 5.3 9.4 1.80
7 S8 | dark Fenton 4.1f 0.035 0.94 9.9 1.0 2.02
8 5, S9 |photo-Fenton 7.7 0.025 0.24 11 3.2 2.28

Notes: a: at time of maximum aerosol absorption. b: measured via 1-order losses of butanol-
d9 during chamber illumination. ¢: maximum oxidation state of carbon calculated from TOF-
ACSM data. d: chamber background SOA production level with solar simulations lights on, see
SI for details. e: measured using a waveguide with a 1 m pathlength. All other experiments used
a 2m waveguide and so have lower detection limits for absorption. f: Value is over 10x larger
than dark chamber background SOA level, see SI for details.




In Experiment 2 (Figure S3), conducted without oxidant at 50% RH (too low to deliquesce the
NaxS0s4 seed particles), SOA and BrC formation levels after exposure to simulated sunlight were
again at or below chamber background levels measured during Experiments O and 1. In this
experiment the chamber was humidified before guaiacol addition to determine if more wall-bound
guaiacol from Experiment 1 (see SI for further discussion of guaiacol-wall interactions) would be
released back into the gas phase. Approximately 1 ppb of guaiacol was detected in the chamber
immediately after water vapor addition, declining within 10 min to an equilibrium concentration
of 0.2 ppb. This pattern of a burst of gas-phase guaiacol followed by a lower, steady-state
concentration upon chamber humidification was observed in many experiments. The injection of
additional gas-phase guaiacol into the chamber increased guaiacol PTR-MS signals to a new
steady-state value corresponding to 8 ppb. As in Experiment 1, this value was stable until the solar
simulator lights were turned on, at which point guaiacol concentrations decreased with a 30-min
half-life. Since SOA and BrC production remained at background levels, we again conclude that
direct photolysis of gas-phase guaiacol is occurring, but is not a significant source of SOA or BrC
in these experiments without oxidants or deliquesced aerosol particles present.

Experiment 3 (Figures 1 and S4) was conducted by adding all the expected components for
aqueous BrC formation: deliquesced seed particles, a gas-phase phenolic species (guaiacol) and a
source of OH radicals (HOOH + solar simulator lights). After the lights were turned on and OH
radicals were generated, SOA and BrC formation were observed, reaching maximum values of 21
ug/m?® (org, panel d in Figure 1) and 0.29 m? g! MACses (converted from maximum 365-nm
absorbance, panel ¢ in Figure 1) within 23 min. After the maximum absorption was reached, aging
by further OH radical photooxidation reduced absorption by 22% over the next 35 minutes. PTR-

MS-measured pseudo-first-order loss rate constants for butanol-d9 (K’ = 4.9 x10 s*' = K[OH],

10



where k = (3.4 £0.3) x10°'2 cm?® molec! s! at 295K)?! were used to calculate average OH radical
concentrations of 14 x10®molec cm, or a factor of 14 higher than average ambient levels. Thus,
we estimate that in the atmosphere it would take 5.5 h of photooxidation to reach peak levels of

aqSOA and BrC, if other conditions were equal.

29 2 g 8 2 ° —12x10°g
5 7] 5 o » — Y
cla. g o == T = " g8 T o
S = 8 = ] =) - 3 5
5 © £ . — —4 _bao
m et + o C 0 »
= @ [e]
Eq 5] - 4
3 e 3
b.l|— guaiacol L& - 2 ‘% A
*| |— butanol-d9 x4 IR SN ) g
i "
-0
PILS-waveguide — 0.2 g
— 305 g
— 365 =
C. o
405 -
—— 450 0.1 8
—— 630 8
La A2 A ﬂ Aﬁ = 0.0
40 —
—TTT 15
30 |[==0Sc EERN -
E % NH, a—— 9o
<] E ogd.| — N S —1.0 5 ¢
S 5 ~on AN 55
Tl /2 /~ o5 ©
B s a
— 0.0
| | | | |
11:00 AM 12:00 PM 1:00 PM 2:00 PM 3:00 PM
Local Time

Figure 1: Experiment 3. NaxSOs seeds, guaiacol, cloud event, and HOOH + lights. Panel a: RH
(blue line) and droplet counts (red, right axis). b: PTR-MS signals for guaiacol (black line) and
butanol-d9 (red, multiplied by a factor of 4). ¢: absorbance measured in water-soluble aerosol
particles by PILS / waveguide UV-vis, with absorbance below detection limit shown as flat

baseline. d: average oxidation state of carbon (black line) and ACSM aerosol loadings after
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dilution corrections, for sulfate (red), organic (green), nitrate (blue), and ammonium-assigned

signals (orange).

Experiment 4 (Figures 2 and S5) was similar to Experiment 3 but conducted without adding HOOH
as the OH radical source. As in Experiment 3, no chemistry was observed before the lights were
turned on. After the lights were turned on, gas-phase guaiacol signals declined slowly (with a half-
life of >150 min) and slow SOA and BrC formation were observed. SOA and BrC formation
reached similar levels as when an OH source was present, but 2.4 hours of reaction time were
required to reach the maximum, instead of 25 min. Thus, SOA and BrC formation was ~6x slower
without an OH source present. However, the similarity in the O/C ratios and in the maximum
MAC spectra (Figure 3) suggests that Experiments 3 and 4 reached similar chemical endpoints.
This is consistent with guaiacol + OH chemistry happening in both experiments, but with a smaller
quantity of radical species present in Experiment 4. Indeed, PTR-MS butanol-d9 signals indicate
that OH levels were 5.3 lower in Experiment 4, and the time to maximum SOA and BrC levels
was longer by almost the same factor (5.8%). Photosensitization could generate triplet carbon *C
radicals, which can react with dissolved oxygen to form these small amounts of OH and HO2
radicals.?!' Since dissolved guaiacol has little absorption of light at wavelengths > 300 nm, it is a
poor photosensitizer in bulk aqueous solution. However, a small amount of light below 300 nm is
present in the CESAM chamber.?’ Furthermore, when guaiacol is adsorbed at ice surfaces its
absorption spectrum is red-shifted,?> ?* and its quantum yield for photodegradation increases by
more than an order of magnitude.?® Since molecular dynamics simulations indicate that guaiacol
is surface active in water droplets,?* it seems likely that similar effects at air-water interfaces might

rationalize photosensitization by guaiacol in suspended aqueous aerosol.
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Figure 2: experiment 4 with NaxSOs seed particles, gas-phase guaiacol, a cloud event, and

simulated sunlight, but no HOOH. Panel a: RH (blue line) and droplet counts (red, right axis). b:

PTR-MS signals for guaiacol (black line) and butanol-d9 (red, multiplied by a factor of 4).

C:

absorbance measured in water-soluble aerosol particles by PILS / waveguide UV-vis, with

absorbance below detection limit shown as flat baseline. d: average oxidation state of carbon

(black line) and ACSM aerosol loadings after dilution corrections, for sulfate (red), organic

(green), nitrate (blue), and ammonium-assigned signals (orange).
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Figure 3: Maximum-magnitude MAC spectra recorded in guaiacol photooxidation experiments

#3 (lighyHOOH/100% RH), #4 (light/100% RH, no HOOH), and #5 (light/ HOOH/50% RH).

In Experiment 5 (Figures 4 and S6), dry Na2SO4 aerosol was mixed with gas-phase guaiacol and
HOOH at 50% RH. At this RH level, Na2SO4 aerosol particles do not deliquesce, and so no
aqueous phase should be present. After solar simulator lights were turned on to generate OH
radicals from HOOH, gas-phase guaiacol signals declined with a 20 min half-life and SOA
formation was immediately detected by TOF ACSM. Approximately 10 minutes later, BrC
formation was also detected by the PILS / waveguide and the acthalometer, reaching a maximum
after another 25 min. In Experiment 2, performed at the same RH level but without HOOH present,
SOA and BrC formation were minimal (at chamber background levels). We reason that when the
OH photooxidation of guaiacol generated an SOA phase in Experiment 5, this SOA was

hygroscopic enough to allow the aerosol particles to take up a little water at 50% RH, something

14



which pure Na2SOs aerosol does not do.” Once this occurred over the first 10 min of
photooxidation, condensed-phase photooxidation of guaiacol was able to begin in this “wet OA”
phase, generating BrC with a peak MACses value almost 4 times larger than in Experiments 3 or
4 conducted with deliquesced seed particles near 100% RH (Figure 3). Thus, more strongly-
absorbing BrC can be formed from condensed-phase guaiacol photooxidation in guaiacol SOA at
50% RH than in deliquesced Na2SO4 / SOA aerosol near 100% RH, likely due to more efficient
BrC oligomer formation in a condensed phase with higher concentrations of organic species and
less water.

In Experiments 3-5, the time to maximum SOA concentrations, expressed in integrated gas-
phase OH concentrations, was consistently zox = (5.3 £0.6) x10° molec cm™ h, or an atmospheric
oxidation time of 5.3 h. The maximum BrC absorption was reached at nearly the same integrated
OH time, for = (6.0 £0.3) x10° molec cm™ h, or an atmospheric oxidation time of 6.0 h, in
Experiments 3-5. This good agreement is remarkable because BrC production is driven by
reactions with aqueous-phase OH radicals, which are produced mainly in situ by aqueous-phase
HOOH photolysis, rather than by uptake from the gas phase, especially in large or viscous aerosol
particles. However, for surface-active chemical species like guaiacol that are predicted to be
absorbed at or near the air-water interface,?* good agreement between integrated gas-phase OH

exposure and BrC level maxima would be expected.
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Figure 4: Experiment 5, performed at 50% RH with undeliquesced Na2SO4 seeds, guaiacol, and

HOOH + lights. Panel a: RH (blue line) and droplet counts (red, right axis). b: PTR-MS signals

for guaiacol (black line) and butanol-d9 (red, left axis).

¢: absorbance measured in water-soluble

aerosol particles by PILS / waveguide UV-vis, with absorbance below detection limit shown as

flat baseline. d: average oxidation state of carbon (black line) and ACSM aerosol loadings after

dilution corrections, for sulfate (red), organic (green), nitrate (blue), and ammonium-assigned

signals (orange).

In these three experiments (3, 4, and 5) the oxidation state of SOA carbon measured by ACSM

also reached a highly consistent maximum of 1.61 +£0.02 (Figures 1, 2, and 4), significantly
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exceeding OSc values observed in prior bulk liquid or dry chamber guaiacol photooxidation
studies (+0.51). 173 The OSc of freshly-formed SOA (measured within the first 12 min) was +1.57
+0.02 in Experiments 3 and 4 when SOA was formed near 100% RH, and +1.34 when formed at
50% RH in Experiment 5. The effect of aging on OSc depended on whether HOOH was added.
In Experiments 3 and 5 where HOOH was added, OSc slowly but continuously increased, likely
due to OH radical reactions in the dilute aqueous or more concentrated “wet OA” phase. In
Experiment 4, without HOOH added (Figures 2 and S5), OSc slowly declined after the SOA phase
was established, suggesting that SOA growth is dominated in this case by the partitioning of more
volatile, less oxidized organic species into the growing SOA phase,?® rather than aerosol-phase
oxidation reactions. The extremely high OSc values measured in these experiments also suggests
that small carboxylate species such as oxalates and formates are major contributors to SOA mass,
consistent with an earlier study where organic acid functionalities were found to make up 77% of
the oxygen in guaiacol + OH SOA formed under dry conditions.?’

To summarize, BrC production during guaiacol photooxidation can occur either in deliquesced
inorganic aerosol or in guaiacol SOA at 50% RH, with rates of SOA and BrC production directly
proportional to gas-phase oxidant concentrations. In all cases, the SOA formed in suspended
aqueous aerosol particles is very highly oxidized compared to previous studies of bulk aqueous or
dry guaiacol photooxidation, even after the equivalent of only a few hours of atmospheric OH

exposure.

Experiments with seeds containing soluble iron. Experiments 6-8 were conducted with seeds

generated from 10 mM Na2SO4/0.31 mM FeSOas. In Experiment 6 (Figure S7), other conditions

were similar to Experiment 4: both experiments had deliquesced seed particles and solar simulator
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lights were on at the end of the experiment, but no HOOH present. Experiment 6 had guaiacol
concentrations that were 25% lower, in addition to aerosol-phase Fe?* ions. The two experiments
produced broadly similar results: SOA and BrC production was slow, occurred only after solar
simulator lights were turned on, and took over an hour to reach maxima, with SOA peaking before
BrC by at least 30 min. While only half as much SOA was produced with photolysis in Experiment
6, peak absorption measured at 365 nm was almost identical to Experiment 4, resulting in a
significantly larger peak MAC3es value in the presence of soluble Fe?* ions. Furthermore, peak
SOA and BrC levels were reached in Experiment 6 at integrated OH exposures of 7.7 x10°and 9.4
x10% molec cm™ h (or 7.7 and 9.4 h atmospheric photooxidation time, respectively), or ~50%
higher OH exposures than in Experiments 3-5 without soluble iron. Thus, BrC formed from
guaiacol photooxidation in the presence of soluble iron is both more abundant and more resistant
to photobleaching than in the absence of iron.

SOA in Experiment 6 was also more highly oxidized: the OSc of freshly generated SOA was
1.80 (instead of 1.59), and then slowly declined, as in Experiment 4. These observations suggest
that, as in Experiment 4, small amounts of oxidants are generated via photosensitization when the
lights are turned on, where surface-adsorbed guaiacol is the likely photosensitizing species reacting
with dissolved oxygen. These oxidants react with additional guaiacol to generate SOA and BrC
at a slow rate, and also convert some Fe?* to Fe**. Redox reactions between Fe** and organic SOA
species could then further oxidize the SOA, raising the OSc beyond what was observed in the
absence of soluble iron, while favoring oligomerization processes at the expense of fragmentation
and photobleaching.

In Experiment 7 (Figure S8), gas-phase HOOH was added to the dark chamber after Na2SO4 /

FeSOs4 seeds and gas-phase guaiacol. In the (dark) Fenton reaction, HOOH dissolved in an acidic
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aqueous solution oxidizes Fe?" ions to Fe** while generating a hydroxyl radical, which will then
oxidize other organic species. Fe*" + phenolic compound redox reactions can return iron to the +2
oxidation state to repeat the entire process untii HOOH is depleted. When all the chemical
ingredients were present in the chamber for the Fenton reaction to occur (i.e. HOOH(g),
guaiacol(g), and aerosol-phase Fe?"), no reaction occurred until the RH was increased past ~60%,
alevel well below the deliquescence relative humidity (DRH) of 93% for NaxSO4. DRH for FeSO4
is greater than 93%,28 but at 65% RH mono- and tetra-hydrate forms of iron sulfate transition to a
heptahydrate,?® which may create an amorphous surface that adsorbs enough water*° for aqueous
Fenton chemistry to begin. Once the increasing RH reached 65% in Experiment 7, small amounts
of SOA (4.1 ug/m?, org, panel ¢) and BrC formation were observed as RH continued to increase,
but BrC absorption was above the waveguide detection limit for less than 20 minutes, and little
absorption was observed by the aethalometer. Maxima in SOA and BrC levels were observed at
integrated OH levels of 3.6 x10° molec cm™ h and 1.0 x10° molec cm™ h, significantly lower than
in other experiments. There are several possible explanations for the low build-up and quick loss
of BrC absorption, which we will explore here. First, excess HOOH or Fe** could efficiently
oxidize and destroy BrC or BrC-precursor species formed by the guaiacol + OH reaction. Second,
the guaiacol + Fe** reaction could fail to produce BrC in aqueous aerosol particles, even though
this process is efficient in bulk acidic aqueous solution.!* 163! Third, HOOH or OH radicals could
destroy BrC produced by the guaiacol + Fe* reaction.

While excess HOOH has been observed to destroy brown carbon compounds as they form in

aqueous reactions between aldehydes and amines,?

we note that guaiacol + OH BrC formed
readily in the presence of HOOH in experiments 3 and 5, and was clearly enhanced in the presence

of iron (suggesting at least some Fe?* - Fe3 cycling) in Experiment 6, so the first possible
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explanation is unlikely. Experiment 6 also demonstrated that guaiacol + Fe*" reactions enhanced
BrC formation in suspended aqueous aerosol particles, just like it did in earlier bulk aqueous
experiments,'> 16 31 eliminating the second explanation. We conclude, therefore, that BrC
produced by the guaiacol + Fe3* reaction, including insoluble BrC polymers, appears to be rapidly
oxidized by the high concentrations of OH radicals produced in the aqueous phase by the Fenton
reaction.

While the gas-phase concentration of OH radicals inferred from PTR-MS butanol-d9 loss rates
in Experiment 7 is nearly identical to that measured in Experiment 5, we reason that the extra OH
radicals generated in the aqueous aerosol phase by Fenton chemistry in Experiment 7 will
overwhelmingly react in that phase, rather than escaping to the gas phase. In other words, while
gas- and aqueous-phase OH radical production from the same precursor (HOOH) in experiments
3-6 could be expected to be correlated, the addition of Fenton chemistry eliminates that correlation
by raising aqueous OH radical production without significantly influencing measured gas-phase
OH concentrations. If BrC produced from guaiacol + OH and guaiacol + Fe** reactions are similar
in their resistance to photobleaching, the fact that BrC peaks 6% earlier in Experiment 7 in terms
of integrated gas-phase OH concentrations suggests that average OH concentrations in the aqueous
phase were approximately 6x higher in Experiment 7. In other words, Fenton chemistry appears
to have raised the aqueous OH concentrations by a factor of ~6 compared to that produced by
HOOH photolysis.

Notably, in Experiment 7 ACSM-measured OSc reached a peak value of 2.02, suggesting
significant oxidation of SOA material by Fe** redox reactions and by OH radicals produced by
Fenton chemistry. Such a high OSc indicates that carboxylic acids, especially oxalic acid (with

OSc=3.0), are the dominant organic species present, since carboxylate is the only functional group
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producing OSc values in this range. Additionally, it is evident that the aqueous SOA was acidic
enough — from organic acid production — to allow Fenton chemistry to proceed, even though the
seed particles were not initially acidified.

In Experiment 8 (Figures 5 and S9), lights were turned on near the end of the experiment to
allow photo-Fenton chemistry to occur. Under these conditions, after Fe?* is oxidized by HOOH
in acidic solution to produce Fe** and a hydroxyl radical, sunlight contributes to the reduction of
Fe** back to Fe?" and accelerates the cycling between Fe?* and Fe** and therefore the production
of OH radicals.'® Once the lights were turned on in Experiment 8, BrC reached maximum
absorbance and SOA reached a maximum of 7.7 pg/m? within 15 minutes, the shortest time to an
SOA maximum in any experiment. SOA and BrC maxima corresponded with integrated gas-phase
OH exposure levels of 2.7 x10° molec cm™ h and 3.2 x10% molec cm™ h, or about half the OH
exposure required in Experiments 3-5. As in Experiment 7, aqueous phase OH production by
photo-Fenton chemistry was likely decoupled from gas-phase OH levels generated by HOOH
photolysis, so the halved time to maximum SOA and BrC levels therefore implies an enhancement
of aqueous-phase OH concentrations by a factor of ~2x relative to Experiments 3-5. OSc reached
2.28, the highest of any experiment, within 30 minutes. While the quantities of SOA and BrC
absorption in Experiment 8 were much smaller than in Experiment 3 (without soluble iron), the
MAC was similar in the two experiments. The short timescales to maxima in SOA and BrC signals
and the extremely high OSc measured by ACSM suggest that the photo-Fenton reaction generated
very high oxidant levels in the aqueous phase, as expected,!® and that these high oxidant levels

quickly generated, and then destroyed, SOA and BrC aerosol species.
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Figure 5: Experiment 8. Photo-Fenton chemistry aerosol experiment with Na2SO4/ FeSO4 seeds,
guaiacol, high RH, and HOOH + lights. Panel a: RH% (blue line) and droplet counts (red, right
axis). b: PTR-MS signals for guaiacol (black line) and butanol-d9 (red).  c¢: absorbance measured
in water-soluble aerosol particles by PILS / waveguide UV -vis, with absorbance below detection
limit shown as flat baseline. d: average oxidation state of carbon (black line) and ACSM aerosol
loadings after dilution corrections, for sulfate (red), organic (green), nitrate (blue), and ammonium-

assigned signals (orange).

The insoluble BrC production that occurs in the dark when acidic Fe** and guaiacol are mixed
in bulk aqueous solutions'> 163! should be detected by the aethalometer in these experiments.

However, in Experiment 8 when guaiacol was injected into the dark chamber containing
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deliquesced Na2SO4 / FeSO4 seeds at 13:35 and then HOOH was added at 14:39 to convert Fe?*
to Fe3', no increase in absorption was recorded by the aethalometer, likely due to a lack of acidity,
since photooxidation had not yet begun, and seed particles were not acidified. When the solar
simulator lights were turned on at 15:08 and acidic SOA was formed, at this point all necessary
reactants for insoluble BrC polymer production would seem to be present in Experiment 8, and yet
acthalometer signals did not increase at any wavelength, and soon declined and reached negative
values. Since the aethalometer integrates absorption of aerosol particles as they build up on a
filter, the measurement of negative values indicates that BrC species already on the filter were
getting destroyed by oxidants sampled along with chamber aerosol. Again, while our seed aerosol
particles were not acidified, the very high OSc level indicates that carboxylic acids were the major
SOA components, and that the acidic photo-Fenton reaction was generating high levels of
oxidants. Insoluble BrC polymers, if formed as anticipated in these experiments by dark reactions
between guaiacol and soluble iron in an acidified aqueous phase, must have been rapidly
photobleached or destroyed by high levels of oxidants and therefore could not be detected.

To summarize, the addition of soluble iron to seed aerosol particles enhanced production of SOA
and BrC during photooxidation in the absence of HOOH, likely due to the production of insoluble
guaiacol oligomers. When HOOH was also added, however, the production of aerosol-phase
oxidants via Fenton chemistry was high enough to heavily oxidize the SOA and quickly destroy

BrC, more than offsetting the increases caused by adding iron.

Atmospheric Significance

Our results suggest that the oxidation chemistry of phenolic species like guaiacol in organic

aerosol and aqueous (deliquesced) aerosol phases are not categorically different. Specifically, BrC
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formation by guaiacol + OH was found to require the presence of either deliquesced inorganic
aerosol or the presence of SOA at 50% RH. Most aerosol particles in the troposphere contain
significant amounts of SOA material,>} and the RH is above 50% in much of the lower troposphere,
with the main exception being over desert areas during the day. Thus, we anticipate that “aqueous”
BrC formation chemistry involving guaiacol and other phenolic species can likely occur in much
of the troposphere, rather than only near or inside of clouds.

In non-iron-containing aerosol particles where HOOH photolysis is the most important source
of OH radicals, we find that BrC generated by the guaiacol + OH reaction reaches a maximum at
~6 h of atmospheric OH exposure. This is roughly consistent with the photobrowning /

photobleaching behavior observed in primary biomass burning aerosol*

and some field-sampled
smoke plumes, where photobrowning can be observed during the first 2-6 h of transport.?> Since
guaiacol + OH chemistry generates a significant percentage of SOA formation in smoke plumes,*
this similarity is expected, and helps explain the observed evolution in optical properties of aerosol
particles inside smoke plumes.

Smoke plumes often contain iron due to thermal convection of mineral dust during wildfires or
to mixing with anthropogenic air masses,® and this iron can be solubilized during transport by
acids or oxalate.’®3° In the presence of soluble iron, additional BrC is generated by the guaiacol
+ Fe* redox reaction,'> 163! but this BrC (including insoluble polymers) is much more easily
destroyed by OH photooxidation than is BrC produced by the aqueous-phase guaiacol + OH
reaction. Fenton chemistry involving soluble iron and HOOH can quickly generate the OH
radicals to accomplish this destruction of guaiacol + Fe** BrC. Thus, the contribution of iron to

atmospheric BrC production by guaiacol is expected to depend very sensitively on the availability

of HOOH. In the presence of adequate HOOH concentrations, aerosol-phase iron can be expected
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to reduce guaiacol SOA and BrC through excessive oxidation, while at low HOOH, iron will
increase guaiacol BrC formation.

Average SOA carbon oxidation states achieved in this study are significantly higher than those
previously observed for dry photooxidation' or bulk liquid photooxidation of guaiacol,”® and also
higher than observed for atmospheric particles, even after fractionation.*’ This indicates that, first,
guaiacol photooxidation is a multiphase process enhanced at aerosol droplet surfaces, which
cannot be satisfactorily simulated in bulk aqueous experiments. Second, our data suggests that
guaiacol photooxidation in aerosol particles and cloud droplets can be an important source of very
highly oxidized SOA material, especially oxalate. This contribution will be especially important

in smoke plumes, where guaiacol is a significant gas-phase component.*
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brown carbon; CESAM, chamber for experimental multiphase atmospheric simulation; PILS,
particle into liquid sampler; PTR-MS, proton transfer reaction mass spectrometer; RH, relative
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sizing; TOF ACSM, time-of-flight aerosol chemical speciation monitor; MAC, mass absorption
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